SUMMARY We studied tension changes in vertebrate cardiac muscles resulting from quick stretches and releases and sinusoidal length changes during sustained contractures at various amplitudes of length change and at various temperatures. Muscles in contracture respond to lengthening with activation and to release with deactivation in tension, both of which are delayed. The amplitude of the delayed tension reached as much as 100 g/cm 1 1 % AL but was dependent on the musde length and level of activation. Delayed tension amplitude averaged about 15 to 25 g/ cm 1 1% AL. The delayed tension rise is an active process, a reaction of the rayofibrillar system to the length change. Muscle stiffness increases during the delayed tension rise while muscle length is kept constant. With sinusoidal length changes, characteristic frequency responses appear in tension and in stiffness. At room temperature, in papillary muscle, tension change is delayed in respect to the length changed in the frequency range 0.05-1.2 cycles/sec, giving rise to work output. The power output increases with the square of the amplitude and can exceed 0.6 mNm/cyde • g. At the frequency of m^rimal work output, the phase shift may be more than 50°, leading to the paradox that muscle force decreases for a period of time while the muscle U undergoing stretch. At higher frequencies (>1.2 cycles/sec), the tension change precedes the length change, Indicating that the muscle now absorbs work. In the latter same frequency range, the dynamic stiffness may drop by as much as a factor of 6. The time constant of delayed tension onset, the frequency range of power output, and stiffness changes suggest that the kinetics and turnover frequency of the crossbridges are specific for each animal and that an optimal timing exists between the biochemical and mechanical cycle such that the optimal frequency of mechanical performance correlates with the frequency of the natural heart beat.
THERE ARE numerous interrelations between mechanical parameters and contractile performance and the number of proposed feedback mechanisms to be accounted for in cardiac tissue. Lengthening the muscle results in enhanced contractile force when stretch occurs shortly before or after electric stimulation if the muscle length is on the ascending limb of the length-tension diagram (Frank-Starling relation). On the other hand, any displacement of the muscle ultimately tends to diminish the tension below that of control. This deactivation is more pronounced if the displacement occurs later in the time course of a twitch. 1 -* Caffeine in the presence of a high superfusate Ca level appears to lessen the effect of deactivation 3 or even reverse it (Brady, unpublished) . The fact that prolonging the twitch diminishes the deactivation effect or may even reverse it could mean that basic myofibrillar feedback mechanisms are masked by intracellular metabolic control. This conclusion is supported by experiments performed with extracted cardiac preparations which show a remarkable stretch activation. 4 So far it has not been possible in living cardiac tissue to separate clearly the different mechanisms controlling the contractile activity, mainly because tetanus normally cannot be induced in cardiac muscle. In fact, neither the contractile system nor the metabolic apparatus of the cardiac cell is at any time in a steady state.
The purpose of this study was to eliminate the time dependence of the contractile system and with it the influence of Ca i+ fluxes or excitation-contraction coupling (ECC). Under these conditions, regulatory responses to small step perturbations in length should be attributable to the myocardial actomyosin system itself.
The tension responses to step perturbations in muscle length have been measured under three conditions: (1) in the relaxed muscle (i.e., an equilibrated, living muscle preparation at about 22°C incubated in standard Tyrode's solution without electrical stimulation), (2) in a muscle that was poisoned with iodoacetate (1AT) in order to produce a rigor state, and (3) in a muscle during sustained contracture.
These three conditions represent three functional states of crossbridge function. The first represents the detached crossbridge state: the interaction between actin and myosin is minimal and the tension response mainly is represented by the passive viscoelastic properties of the muscle preparation with a freely extensible contractile element (CE).
In contrast, the second state, i.e., the rigor state, represents maximal but static interaction between actin and myosin. The response again displays the passive elasticity of the muscle but this time including the passive viscoelastic characteristics of the CE. During sustained contracture (the third state), however, in which the muscle is thought to be in a steady state level of activationcomparable in a way to the tetanic tension in skeletal muscle -a dynamic, periodic interaction between actin and myosin takes place. Therefore, the tension response due to mechanical interaction will be composed of both passive and dynamically active parameters reflecting kinetic properties of the cycling crossbridges. VOL. 42, No. 3, MARCH 1978 Methods
Preparation of Muscle
Papillary muscles, trabeculae, or strips of ventricular wall were taken from the right ventricles of rabbits (male, New Zealand white rabbit, 1-2 kg), cats, or rats (SpragueDawley). The animals were given heparin (~ 5,000 USP units/kg) and anesthetized (~ 90 mg/kg sodium pentobarbital) intravenously. The heart was rapidly excised through a sternotomy and placed in oxygenated perfusate, 30-37°C. The right ventricle was opened carefully and a suitable papillary or trabecular muscle was selected. For some experiments, frog trabeculae (Rana calesbiana) or strips of the ventricular wall (Rana pipiens) were used. The frogs were decapitated, the spinal cord was destroyed, and the heart was excised rapidly.
The preparations were tied carefully with monofilament silk thread, dissected, transferred into the muscle chamber on the mechanical apparatus, and mounted horizontally between two stainless steel hooks. Physiological salt solution from an oxygenated reservoir entered the chamber at one end at the bottom and left the chamber with minimum agitation of the surface by overflowing through a wick into another chamber from which it was aspirated. The chamber perfusate contained 2.4-2.7 vol% 0j. The final pH was 7.2-7.4 at 25°C.
Solutions
The solutions consisted of the following components in mM. The standard solutions were modified in the following ways: (1) Ca-free solution: The Ca-free solutions contained the same components as the standard solutions except that CaClj was omitted. (2) Ba contracture solution: CaCl, was replaced by 0-1.0 mM BaCl 2 . (3) High Klow Na contracture solution: Na + was replaced partially by K + and choline + , and 5-10 MM caffeine was added. If not otherwise specified, the high K + standard solution (HKS solution) contained 70 mM KC1 (instead of 4); 65 mM NaCl (instead of 130); and 5 mM caffeine. (4) Rigor solution: Standard solutions with 0.4-1.0 mM iodoacetic acid (I A A) added.
Mechanical Apparatus
The experimental apparatus consisted of a servo-controlled vibrator permitting instantaneous or sinusoidal changes in muscle length and a tension transducer to record the muscle force. The apparatus has been described in principle previously. 5 1. The tension transducer: The design of the capacitance tension transducer has been described in detail by Schilling. 6 The transducer used in these experiments had a resonance frequency of 2 kHz, a linear range up to 10 g, and a compliance of 3 /xm/g. The sensitivity was such that 10 mg of tension easily could be resolved.
2. Application and measurement of length changes: A Ling-dynamics 101 vibrator (Ling Dynamic Systems) mounted on a micrometer sledge was used to impose step as well as sinusoidal length changes on the muscle fibers. The electronics were capable of producing steady as well as transient length changes of up to 2 mm. Sinusoidal driving signals were obtained from a waveform generator (Wavetek Multi-Purpose VCG model 116, San Diego, Calif.). The rectangular driving signals were produced by a Tektronix Waveform Generator (type 162).
Step, ramp, and sinusoidal length changes were controlled by a feedback circuit. With the ramps, the velocity of the length change between the levels could be selected. The step changes in length were completed in less than 2 msec. Sinewave amplitude was independent of frequency up to 200 Hz. All length changes were monitored by a separate capacitance transducer.
3. Recording: For both the step and the sinusoidal experiments, the length and tension outputs were displayed on a Tektronix storage oscilloscope ( D M ) and photographed directly with a Polaroid camera. A continuous chart record was kept of each experiment (Brush Chart Recorder). The data were also sampled, averaged, and stored on-line on a Line 8 computer, and analyzed after on-line storage.
4. Muscle chamber and temperature control: The muscle chamber was built from a special temperature-conducting epoxy material and mounted on a Peltier unit. The temperature in the chamber (usually between 18° and 25°C) was sensed by a Constantan-Fe thermocouple. The temperature control of the incubation solution was better than ±0.2°C. Stimulation of the muscle was accomplished by passing current through parallel wire electrodes placed on either side of the muscle. The field stimulation was always about 3x threshold. The chamber was 10 mm in length, 3 mm in width, and 2 mm in depth.
Experimental Procedure
Mammalian tissues first were allowed to equilibrate in warm solution (about 28°C) for about 10 minutes and then were allowed to equilibrate at room temperature. This procedure shortened the total equilibrating period. (Frog heart preparations remained at room temperature.) After 1 hour of mechanical stabilization, during which the twitch tension stabilized and resting tension declined, the length-tension characteristic of each muscle was obtained. For visual examination, a stereo microscope was used; however, no sarcomere length determinations were made.
Only thin and uniform muscle preparations were selected for experimentation. The length ranged from 3 to 8 mm, and no muscle exceeded 0.7 mm in thickness. Muscle length, L,,, and thickness, 0, were measured at that muscle length at which the experiment was performed (i.e., 0.8-0.9 Lma,;, where L ma x = muscle length at which activity developed force was maximal). The muscle length was measured between the two tied ends with a micrometer and the muscle diameter was measured at mid-length.
Steady state contractures were induced by one of three following methods: (1) various combinations of KC1, NaCl, choline chloride, and caffeine, (2) replacement of Ca 2+ by Ba i+ , and (3) rapid stimulation rates (50 Hz) at reduced temperatures (low temperature tetanus).
By means of a three-way stopcock, the three test solutions could be applied rapidly to the muscle fibers. To produce a sustained contracture in Ba 2+ , the muscles first were soaked in Ca'-+ -free solution to avoid spontaneous beating which resulted in irregular contracture tension. In the test solution, the muscle was held isometrically until a steady state tension had developed; thereafter, sinusoidal or step changes in muscle length were applied.
For rigor conditions, the muscles were held isometrically in IAA solution (-0.4-1.0 mM iodoacetic acid added to a standard Tyrode's or Ringer's solution) for 90-120 minutes and stimulated (about 30 beats/min) in this solution until there was no response to the stimuli and the rigor tension was maximal.
When sinusoidal length changes were applied, tension and stiffness changes were displayed in two ways: (1) both length and tension were recorded as a function of time, as shown in In the length-tension diagram (Fig. 1A) , the shaded area below the length-tension curve stretching the muscle from A to C indicates the amount of work necessary to stretch the muscle. The amount of work the muscle performs on the apparatus during the release half-cycle is equal to the area below the length-tension curve running from C over D to A. In a pure elastic system, there is no phase shift between length and tension, and the tension follows the same line during both the stretch and release half-cycles. In a passive viscoelastic system ( Fig. 1 A) , the length signal leads the tension signal. This results in the fact that the length-tension curve during release is below the length tension curve for stretch, which means that less work is extracted during the release half-cycle than is done on the system during the stretch half cycle ( Fig. 1 A, bottom trace).
Under specific experimental conditions, however, the loop may actually run in a counterclockwise direction (Fig. IB) . Then, the tension phase lags the length phase i.e., tension maximum is reached later in time than the length maximum (see The cardiac preparation was in a sustained contracture so that the recorded tension changes occurred on top of an isometric tension level. In Figure 8B (at 0.6 Hz, the optimal frequency) the area of the length-tension loop was measured as a function of time and amplitude of length change. The same type of experiment was repeated under conditions in which the muscle was relaxed (Fig.  9A ) or in rigor (Fig. 9B) .
Results

Steady state contractures in Cardiac Muscle
High K + -low Na + , Caffeine Contracture (HKS Solution) Figure 2A shows the response in a solution containing 70 mM KC1, 65 mM NaCl, 5 mM Ca, and 5 mM caffeine. Isometric tension in this solution stabilized at 30-50% of twitch tension. A small overshoot in tension occurred before a constant plateau was reached which could be maintained over a considerable time (>4 hours). Replacing all of the sodium by potassium was not suitable for maintaining a stable contractile tension. In Na-free solutions with 130 mM KC1, the tension response was only transitory, and the muscle soon entered a state of high stiffness without significant tension. Delayed tension changes, as described later, which were present at the onset of the contracture, also disappeared in Na-free media but remained in HKS solution. A reduction in K combined with an enhancement of sodium or choline chloride reduced the maximal tension of the contracture but stabilized the contractile activity of the muscle. The tension level of the sustained contracture could be modulated further by varying the Ca ion concentration in the bath and by adding up to 10 mM caffeine.
Ba
2+ Contracture
A more controlled way to regulate the level of activation in a sustained contracture was to replace Ca in the incubation medium by up to 1 mM Ba. Transferring the cardiac preparation into the Ba 2+ -Tyrode's solution resulted in an activation of muscle tension dependent on the amount of Ba J+ in the solution (Fig. 2B) 
Low Temperature Tetanization
The preparations could be tetanized suitably at low temperatures (Fig. 2C) . At 15°C, the resting muscle develops some active tension without stimulation. On stimulating the muscle, the individual twitches summate to a complete tetanus.
Tension Responses to Step Perturbations in Length
The tension responses to step perturbations in muscle length were measured under three conditions: (1) relaxed, (2) in rigor, and (3) during sustained contracture. In the relaxed muscle, there is a small instantaneous rise in tension synchronous with the length change, followed by a quick relaxation phase, returning toward the value before the length change (Fig. 3A, lower trace) . A few milliseconds after the length change is completed, the tension stays nearly constant.
Quite in contrast, the tension time course in the steadily activated muscle (HKS solution) (Fig. 3A , middle trace) appears to be much more complex and can be resolved into several phases between the moment the length change is applied and the time the tension reaches a new equilibrium state. Coincident with the step perturbation, there is again an instantaneous rise or fall of tension. Its amplitude is somewhat in between that of the relaxed and rigor muscle depending on the degree of activation. After the completion of the length change, there is first a fast decay of tension following a stretch or, respectively, a fast recovery of tension following release, the amplitude of which has increased many times compared with relaxed or rigor muscle. The fast transient tension response is followed by a slower change in muscle force in the opposite direction. The latter will be called "delayed tension." A delayed rise of tension is observed following a stretch, while a delayed fall of tension is observed following release. The delayed tension maximum was often not fully maintained but declined toward a final equilibrium level.
Simultaneously with the rise in delayed tension, changes in muscle stiffness were observed on superimposition of high frequnecy (100 Hz) sinusoidal length changes (Fig.  3B ). Stiffness and force increased proportionally.
In some experiments the delayed changes in tension were followed by a number of damped sinusoidal fluctuations in tension, despite the fact that the muscle was kept isometric. The frequency of these oscillations at 23°C was about 0.4 cycles/sec. 7 These tension transients are characteristics of a muscle in a steady level of activation. Under conditions in which the muscle preparation is relaxed (Fig. 3A , bottom trace) or in rigor (Fig. 3C) , these tension transients are completely absent.
In the rigor muscle (Fig. 3C) tension and hence muscle stiffness has increased manyfold. The tension responses look almost rectangular; the quick relaxation phase is very small, symmetrical, and, in size, comparable with the one in the relaxed muscle.
Delayed Tension Response as a Function of Muscle Length, Temperature, and Level of Activation
The emphasis in this paper is almost exclusively on the investigation of the delayed tension, neglecting the fast recovery phases, which will be investigated subsequently.
A significant increase in contractility in reaction to a lengthening of cardiac muscle in the course of an isometric contracture was observed in almost every preparation. In some preparations, the magnitude of the delayed tension rise was as much as one-third of the twitch tension with only a 0.5% length change (see f.i., Fig. 2C ) and was affected by changes in muscle length, the amplitude of the length change, the level of activation, and, to some extent, by changes in temperature.
Experiments like the one shown in Figure 4 were done as a routine at the beginning of each experiment in order to determine the length-tension characteristics of each muscle. Figure 4 and Table I show that (1) the amplitudes of both the instantaneous and the delayed tension increase with muscle length as long as the active twitch tension increases. The maximal amplitude of the delayed tension occurs at the lengths where the twitch is maximal; (2) the time course of the delayed tension seems to be unaffected by changes in muscle length. Changes in the amplitude of the step change in length between 0.4% and 2% also result in an increase in the instantaneous as well as the delayed tension but, again, without affecting the rise time of the delayed tension (Fig. 5 ).
However, if the level of the contractile activation is altered by means of ionic interventions such as the external concentration of Ca 2+ or Ba a+ ions or caffeine; then, as shown in Figures 6 and 7 , the kinetics of the delayed tension rise are affected as well as the amplitude. The time-to-peak tension and the approximate time constant of the delayed tension decrease with increasing contractile activity. This observation was independent of the mode of induction of contracture. The shift in the kinetics was observed irrespective of whether the activation was induced in a high K + -low sodium contracture, by various amounts of Ca i+ , or by adding caffeine, by different concentrations of Ba 2+ ions, or by high stimulation rates at low temperature. The effect of temperature on the delayed tension response is shown in Table 2 . The time course of delayed tension response can be approximated by a rate constant as described elsewhere. 7 As demonstrated in Table 2 , the delayed tension rise is strongly temperature dependent. The rate constant increases from 0.4 sec 1 at 9°C to 27.96 sec"' at 30°C. This corresponds to a Q l0 of 5. 
FIGURE 6 Time course of the delayed tension rise at different levels of activation. A: Freshly mounted cardiac preparations (rabbit papillary muscle) incubated in normal Tyrode's solution are intrinsically partially activated without electric stimulation (left). High rate electric stimulation (50 Hz) (right). Dot indicates zero tension; 100 mg
Tension Responses to Sinusoidal Perturbations in Living Cardiac Muscles
The tension response to sinusoidal perturbations in muscle length was studied over a wide range of frequencies (0.05-30 Hz). Length and tension changes at each frequency were recorded in the relaxed muscle and in muscle in rigor (Fig. 8) . When sinusoidal length changes were applied during sustained contracture, there was a well defined, narrow frequency range in which the cardiac myofibrillar system was able to perform work due to stretch-induced activation (Fig. 8A, loops) . In the same frequency range, the dynamic stiffness, i.e., the force that opposed the length change, varied considerably and could change by as much as a factor of 10 ( Fig. 8A, upper  trace) .
Work Output
The net work output performed by the muscle in response to sinusoidal stretch and release perturbations depends on the phase shift between length and tension and is equal to the area enclosed by the length-tension diagram. The length-tension diagram in a work-producing mode is displayed as an ellipse-shaped loop written in the counterclockwise direction. For cat papillary mucsle at 23°C, maximal phase shift between length and tension and the maximal work output was observed at 0.6 cycle/ sec ( Fig. 8A and B) . At this frequency, force lags length, i.e., force reaches its maximum later than length so that tension falls at a time when length is increasing; thus, in the release half-cycle, tension is always greater than during the stretch half-cycle. The area under the stretch half-cycle measures the energy needed to stretch the muscle preparation, whereas the area under the trace for the release half-cycle is equal to the amount of energy liberated during this period. Consequently, the area enclosed by the loop is the work done by the muscle in each cycle of oscillation. Figure 8B shows that the work and power output per cycle depend on the product of length amplitude and delayed tension. Thus the work per cycle is proportional to the square of the amplitude of length change, since, at constant frequency, the amount of stretch activation and the width of the length-tension loop increases linearly with increasing amplitude.
Stiffness Variation during Sinusoidal Oscillation
The frequency dependence of the dynamic stiffness of the muscle (represented by the amplitude of the tension change due to the sinusoidal perturbations) also is characteristic of this preparation (Fig. 8A) . Stiffness decreases when the frequency increases from 0.05 to 1.2 cycles/sec; at 1.2 cycles/sec, the tension amplitude is less than 100 mg compared with more than 500 mg at 0.05 cycle/sec. At frequencies above 1.2 cycles/sec, stiffness rises rapidly but the median tension decreases.
Relaxed and Rigor Muscles
Similar experiments performed on relaxed muscles (Fig.  9a ) and muscles in rigor (Fig. 9B) show three striking differences from activated muscles: (1) the length-tension diagrams always are traced in the clockwise direction, indicating that these muscles only absorb from the apparatus; (2) the phase angle between length and tension is approximately constant over the entire frequency range; and (3) tension amplitude and dynamic stiffness increase slightly with increasing frequency.
Discussion
Elimination of the Time Dependence of the Active Contraction in Cardiac Muscle
High levels of extracellular potassium and Ca' 2+ -Na + antagonism have been frequently used by various investigators to study the mechanisms of excitation-contraction coupling (ECC). However, only a few attempts to elucidate the properties of the contractile elements under these conditions have been reported." Solutions in which all Na + was replaced by K + as used by Bozler * - 9 or Sr 2+ -mediated contractions 10 did not fully eliminate the time dependence of force development. Tension development was found to be transitory so that, at the time the mechanical perturbations were applied, the system was not in a steady state. In the present study, the time dependence of the active contraction was virtually eliminated by different methods which produced a sustained steady state contracture (1) high K + -low Na + , (2) Ba J+ , and (3) low temperature tetanus.
K + Contractures
In response to elevated K + and reduced Na + , contractures normally developed in two phases: a transient phase and a steady phase. The transient phase varied in magnitude, whereas the steady phase was reproducible in magnitude and shape for each muscle, as Gibbons and Fozzard" have reported in sheep atrial trabeculae. The amount of sustained tension could be adjusted by increasing or decreasing concentrations of Ca !+ , Na i+ , or caffeine in the perfusate.
Ba
2+ Contractures
ECC studies using rat ventricle 14 and rabbit ventricular septum 13 report that small quantities of Ba !+ may induce sustained contracture when added to Ca s+ -free Tyrode's solution. Washout of Ca prior to the incubation is necessary to avoid spontaneous beating.
1 ' 4 Ba !+ in concentrations of 0-1 mM has only a small effect on the resting membrane potential (5 mV/mM Ba i + ); but when used as a substitute for Ca 2+ in ECC studies, there are remarkable similarities (including flux characteristics) between Ba 2+ and Ca 2+ . 16 The magnitude of the steady state contractile response is an increasing function of the concentration of Ba 2+ . Concurrent with a Ba-induced contracture, there is an accumulation of about 80-165 /XM Ba/kg wet tissue. 13 The greater part of this accumulation is presumed to be directly responsible for the observed activation, since it is known to interact with cardiac troponin. 16 The inability of the rabbit ventricular septum 13 and papillary muscle to relax as long as 30 /HM to 1 (JLM Ba' 2+ remains in the extracellular space suggests that, although Ba I+ may be bound by the sarcoplasmic reticulum (SR), it is not translocated. This suggestion was studied further by introducing Mn !+ into the perfusion medium at several critical points during the contracture event. 13 -containing medium, and the addition of Mn n has no effect once contracture develops. These findings suggest that the SR of the rabbit ventricular septum may be incapable of reducing the intracellular Ba 2+ concentration even when the influx of Ba is blocked. 13 Quite likely the Ba contructure is initiated by the leakage of Ba 2+ through the cell membrane so that the contractile system is activated without depolarization of the cell membrane.
High Stimulus Rate-Low Temperature Contractures
At the low temperatures and at rapid electrical stimulation, the individual twitches fuse to a tonic tetanus-like contracture. However, a steady state could only be maintained over a short period of time in comparison with the Ba 2+ -or high K + -low sodium contracture, hence only limited use was made of this method.
The Intrinsic Regulatory Properties of the Cardiac Actomyosin System
The experiments presented here confirm earlier findings in glycerinated cardiac preparations postulating a regulatory mechanism located in the cardiac actomyosin system. 5 Delayed tension changes can be observed in living cardiac preparations with Ba 2+ with almost no change in membrane potential, and in fibers which are depolarized but steadily activated either by high K + -low Na 2+ solutions or by rapid electrical stimulation. The responses are not significantly different in either case. These findings strongly indicate that excitatory processes are not involved INTRINSIC CONTRACTILITY REGULATION IN HEART/Sreiger et al. 349 in the delayed tension process. Such a conclusion is especially supported by experiments with extracted preparations, in which the contractile apparatus if functionally isolated and operating under constant, controlled chemical conditions. 4 Two complimentary features became evident from the results: (1) stretching increases and shortening reduces the contractile tension and (2) the respective gain or loss of contractility depends on the extent to which the muscle was activated at the moment of the length change. The feedback gain increases with the degree of activation. This is demonstrated in Figs. 4 and 6 . Figure 4 especially demonstrates that delayed tension is not an effect limited to the ascending limb of the length tension curve but that the response is maximal at a length where the twitch is maximal. If the response were due only to the number of interactive sites, we would expect the delayed effects to be larger at a short muscle length and to diminish or disappear at lengths in the optimal overlap region. The observation that delayed tension changes are most pronounced in the optimal region where further muscle lengthening no longer augments active twitch is inconsistent with what might have been expected from the FrankStarling relationship. In skeletal fibers it was shown that stretch activation exists even at sarcomere lengths where the actin-myosin overlap decreases, 17 but the magnitude of activation diminishes in proportion to the decreased overlap.
These findings and earlier data 4 -'"• l9 on glycerol-extracted preparations are in contrast to well established reports1' 2 on effects of quick stretches and releases during the course of a twitch; in the latter reports, perturbations generally abbreviate and diminish contractile activity. More recent papers show that the deactivation or uncoupling effect decreases 3 or even reverses (Brady, unpublished) if the twitch tension is prolonged by caffeine or high amounts of Ca 2+ or Sr 2 " 1 ", or during contracture induced by high K + ."~1 0 This suggests that during a normal twitch the length-or force-sensitive feedback mechanism may be impeded because the tension-developing process has been slowed or stopped, since the regulated actin is turned off before stretch activation can become effective (i.e., Ca s+ dissociates). In other words, as the actin is turned off, lengthening no longer enhances contractile activity. On the contrary, these perturbations may promote further detachment from the actin.
Both properties, the ability to perform work and the changes in dynamic muscle stiffness during steady state activation (which fall in a relatively narrow frequency range), are readily measurable and their physiological implications are of interest. The work increases as the square of the amplitude and can exceed 20 ergs/cycle. Normalized to muscle weight, the work output comes close to one-third of the amount which cardiac muscle performs during a normal beat.
The changes in the dynamic stiffness are not minor and are of particular interest. In the same frequency range that the muscle produces work, the dynamic stiffness may drop by as much as a factor of 3. At a glance it might seem that the frequency at which these effects appear is too slow to be of physiological importance. However, it should be recalled that the temperature at which the measurements were performed was around 20°C and, as shown, the time course of delayed rise in tension and so the frequency of the optimal work output are very temperature sensitive. The frequency at optimal power output and at which maximal stiffness changes occur at 37°C are. coincidentally, in the same range of those of the normal heart beat. As reported previously, 7- '" the time constant of the delayed tension was always specific for each animal and always seemed to be correlated with the natural heart beat frequency. It seems, therefore, that, despite the fact that the heart beat is triggered electrically, there is an optimal tuning between the biochemical and mechanical cycle of the crossbridges consistent with the optimal frequency of performance for each species.
Isometric Tension Oscillations and the Frequency of Optimal Power Output
The increasing stiffness during the delayed tension rise, as well as the delayed tension rise itself, indicates that the delayed response might be due to additional numbers of crossbridges attaching to the actin filament and developing tension. The time course, then, is presumed to reflect the kinetics of the attachment of crossbridges. In some preparations with particularly good stretch activation and where, therefore, a large number of crossbridges probably could be activated suddenly by the length-tension feedback phenomenon, isometric fluctuations in tension have been observed which may reflect directly the turnover of the crossbridges: the frequency coincides with the optimal frequency of power output during sinusoidal oscillations and both are of the same order of magnitude as the AMATPase turnover rate. 20 Especially noteworthy are the remarkable similarities of the contractile patterns of cardiac muscle to patterns recorded in frog, rabbit, and other skeletal muscles but especially to insect flight mucles. Insect muscles are much less compliant, and many investigators have already shown that the transients are due to crossbridge properties. 21 " 23 In fibrillar insect flight muscles of Lethocerus maximus, the kinetics of the tension transients optimum oscillatory frequencies and isometric oscillations under almost identical experimental conditions are 10 times faster than in rabbit cardiac muscle, as is the ATPase activity. 44 Isometric tension oscillation in relation to ATP-splitting also was extensively studied in insect flight and interpreted as a cyclic action of partially synchronized crossbridges.
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